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Problems in the biological
monitoring of chromium(VI) exposed
individuals
Andreas Kortenkamp

The usefulness of currently available techniques for the
biological monitoring of chromium(VI) exposed individuals is
reviewed. Chromium levels in body fluids, such as urine and
blood plasma, are reliable markers of exposure to chromium
in oxidation states (VI) and (III) and provide a measure of the
internalized dose of chromium. These markers are sufficiently
sensitive to be useful in most occupational settings
encountered today. In contrast, the majority of cytogenetic
surveillance studies among chromium platers, ferrochromium
workers and stainless steel welders using the manual metal
arc (MMA) method have yielded negative or inconclusive
results. As a marker for genotoxicity, the number of sister
chromatid exchanges in blood lymphocytes proved to be
relatively insensitive towards exposure to chromium(VI). There
were however significant increases in rare chromosome
aberrations among MMA stainless steel welders, although the
reported levels of all aberrations combined were similar to
those observed among control groups of many other studies.
The relative lack of success of cytogenetic surveillance
studies using blood lymphocytes is surprising in view of the
strong genotoxicity of chromium(VI). A possible explanation
comes from recent studies which showed that the differences
in chromium lymphocyte levels between exposed and controls
were disproportionately small. Another factor which
complicates attempts to correlate genotoxic effects in
lymphocytes with the processes giving rise to cancers of the
respiratory system is the toxicokinetics of inhaled
chromium(VI). Only small fractions of the total inhaled dose
are distributed in the body while the bulk of chromium(VI)
deposited in the lungs remains there for very long periods of
time. The vast majority of lymphocytes will therefore come
into contact with chromium(VI) not while travelling through the
supporting tissues of the lungs but during their migration
through the blood. There they take up chromium(VI) that has
leached from the lungs. Blood lymphocytes therefore seem to
be inappropriate for the monitoring of the biologically
effective dose, and of early biological effects arising from
exposure to chromium(VI). Thus there is an urgent need to
develop techniques which would allow the non-invasive
monitoring of internalized doses of chromium in the lung.

Keywords: chromium, biomonitoring, lymphocytes, cytogenetic
surveillance studies.

Introduction
E x p o su re  to  ch ro m iu m (VI )  co m p ou nd s b y in hal at io n is  of

c o n c e rn  i n  a  va ri ety  of  i nd u st r ies  in clu ding  the  p r im ary

p ro d uc tion  o f  ch rom ates,  c h ro m iu m  p la t i n g ,  ch ro m a te

p ig m e nt  m an u fa c tu re  a nd  t he  w eldin g  o f  th e s ta inl ess  

s teel .  St ain less  s teel  w elding ,  a nd  i n  pa rt ic u l ar  t h e m an u a l

m e tal  arc  (MM A ) w eld ing  m eth od ,  m ay  w el l  b e the  m o st

c o m m o n  s o u rce o f  o ccu p atio nal  exp o sure  to  ch rom ium(VI),

giv en the fact  that  the re  are  m il l ion s of  s ta in less s teel  

welders  wor ldwide (NIO SH  1977, IARC 19 90).  With  m a n y  

of  the  p ote nti al ly  haza rd ou s w o rk p la ces i de nt if i ed ,  th e 

m ajor  c on cern  tod ay is  to  estab lish a  re la t i o n sh ip  b etw e e n

e x p o s u re  and  can cer r isks and to  def ine saf e  le vels  o f

e x p o s u re  on  a  so und  to xico logi cal  b asis .  I n  this  co ntex t ,  

the bio logi cal  m o nito rin g o f  expo sed  in div idua ls is  of  g re a t

im p o rt ance.  D ur in g t he last  deca de,  a  n um b er  o f  surve i l l a nc e

te ch n iq ue s h av e  be en  d ev e lo p e d  w h ich  a l l o w  th e  

m on ito rin g of  in tern al  e x p o s u re  to  chrom ium (V I) by

ana lysin g bo dy  f luids,  e .g .  blo od ,  p lasm a, and  u rine.  T h e

m onitorin g o f  the p ossib le  gen oto xic  effects  of  chromium (V I)

w a s c arr i ed o ut  b y assessing  chro m o so m al  ab erra t io n s,  

s i s te r- ch ro m atid ex chang es (S CE s) an d D NA  d amag e in  

easi l y  acc essib le  t issu e,  usu all y  bloo d ly m p ho cy tes.  W hi lst

e x p o s u re  t o  ch ro miu m(VI ) at  levels  w el l  below  50 m g m±3

( th e o cc u pa tio na l  e xp o su re  l im it  in  a  nu m be r of  co un tr ies)

can  be  re l iably  ver if ied  by  det erm in in g  c h ro m i u m

co n cen t ra t i on s in  u rin e or  p la sm a,  o p in io n s are  d iv id e d  

as to  th e u se fulness o f  cyto gen etic  su rv ei l la nc e t ec hn iq ue s.

H ow  e ffect ive are  c u rren tly  av ailable  b iolog ical  

m on itor in g tec hn iq ues for  t he  screenin g of  in tern a l  

e x p o s u re  t o  ch ro m ium (V I)  an d for  the assessm en t of

genoto xic  effects?

In the  biom on ito rin g of  ch em ical  carc ino gen s i t  is  u se fu l  

to  d is t i ng u ish b etw een  th e m on ito r in g of  an in te rn a l i z e d

dose,  a  biolo gica l ly  effect iv e do se ,  and an ear ly  biological

effec t (Wog an  199 2). The level  of  ca rc in og e n s an d  th e ir

m etab o li te s in  b od y f l uid s ca n be reg ard e d  a s a  m e a su re  of

th e  i n te rn a li ze d  ca rc in og en  d o se.  A ltho ug h  u sefu l  in

co nf irm ing  th at  ex p o sure  h a s i n d ee d  o cc u rre d ,  m ea s u re s 

of  an  i ntern al i ze d  d o se pe r se d o n ot  g iv e an y in di cat io ns 

of  t he pot enti al  c ancer  r isks inv olv ed.  Mo re  closely  re l at ed  

to  cance r r isks are  m e as u res of  the biologically  eff ect ive 

dose,  e .g .  the level  of  D NA  damage or  DN A adduct  f orm a t io n

in  c e rtain  t i ssu es.  Ge net ic  a l t er at io n s suc h as c hro m o s o m e

ab errat ion s,  S CE s a nd ge ne m utat ion s are ear ly  biolo gical

effect s in  carc in oge nesis .  T h e m o ni tor ing  o f  the se  m arker s 

is  carr i ed o ut  u sing  nu cle ated  cel l s  in  easi l y  acc essi bl e

t issu e,  usu all y  bloo d ly m ph oc ytes.  T he ev alu ati on  o f  

genetic  eff ec ts  in  p er ip h eral  b lo od  ly m ph o cy tes is  ba sed  o n

th e a ssum pt io n  t h at  t h ese ce l l s  are  va l i d  su rrogates fo r  the

ch an ge s t ak in g  p la ce in  t i ssue s w h ere  n e o p las m s  m a y

ev en tu a lly  d ev elop .  H o w ev er,  m any  o ther  ce l ls  of  t he bod y

sho w DN A  d am ag e a nd  ev en cy tog ene tic  eff ec ts as  a  re su l t  

of  int era ct io ns w ith  ca rc ino ge nic c hem ical s ,  y et  n ev er

de ve lo p in to  c an cer  cel l s .
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Monitoring internal exposure to

chromium(VI): the analysis of chromium

levels in body fluids
A num ber of  invest igat ions have helped to  es tablish  th e

relat ion sh ip b etween  airborn e  ch rom iu m and the levels  o f

c h ro m ium  in b lood,  plasm a and  ur ine (G ylseth et  al . 19 77,

Tola et  al . 1977, Mutti  et  al . 1979, Fleischer  and S challer  1980,

Kal l iomäki et  al . 1981,  Lewal ter  et al. 1985, Angere r  et al.

1987) .  Urinary  ch ro m iu m  can  b e regard ed as a  rel iable  m ar ker

of intern al  c hro m iu m  e x p os ure ,  and is  suff ic iently  sensit ive

for  biologica l  m onitoring at  exposure  levels w el l  b elow  the

occup ational  l im its  in  a  num ber  of  industr ia l ized countr ies.

Table 1  sum m arizes the urin ary  ch rom ium  levels  observ e d  in

selected stu dies of  occu patio nally  expo sed  and  no n-ex posed

ind ividuals  as well  as  diabetics  and beer  dr inker s.

On the basis of  urinary  chromium alone i t  is not possible  to

di st in gu ish  w hether  ex posure  to  chrom ium(VI) or

c h rom ium(III) has occu rred.  O nly chrom iu m  in e ry th rocy tes  is

diagnost ic  for  in ternal  exp osu re  to  chromium(VI).  This is

because the chrom ate anion,  unlike chromium(III )  complexes,

is ab le  to cro ss ce l l membranes of  red blood ce l ls via anion

c arr ier  pro teins (Gray and Ster ling 1950, Kort e n ka m p  et al.

1987). However,  using this  technique the advantage  of

diagnosti c speci f ic i ty  is  achieved at  the expense of  diagnos tic

sen si t ivi ty. In  a study among stain less steel  welders a irborn e

c h rom ium(VI)  at levels  of aro un d 10 0 m g m±3 did not give  ri se  to

elevated con centrat ions in  the red blood cel ls of  abou t 50%  of

the exposed  workers (Angerer  et  al. 1987). Chrom ium  levels  in

p lasm a an d u rine were  in creased at  m uch lower  exposures.  T he

m ea su rement of  chrom iu m  in  pl asm a therefore  open s th e

possib i li ty  for  monitoring a  wider  range of  exposure levels

l ikely to  be encountered  in  occupa tional set tings,  albei t  at  the

expense  of  diagnost ic  speci f ic ity  for  exposure  to  chrom ium(VI).

Because of  it s sensit iv ity and convenience  of  use,  the

d eterminat ion of  chrom ium in urine  is by far  the most  widely

used  method for  the moni toring of  in tern al  ch rom ium  expo sure .

H owever, urinary  chrom ium  levels  are aff ect ed  by var ia tions in

rena l func tion . These can  be corrected for  by  rel at ing  urinary

c h romium concen trat ions to  the amount of  creat inine presen t  in

the ur ine (Araki  and Aono 1989) . The corre la t ions between

ur inary  and p lasm a ch rom ium  levels are  excel len t , so that  one

monitoring method can  convenien tly  be substi tu ted  for  the other

(Angere r  et al. 1987, Str indsk lev et  al. 1993 ).

A fac tor  which  has to  be  taken into considerat ion during the

desig n of  m onitor ing  programm es  is that  smokers  usua lly  show

higher  ur inary  chrom ium levels than  non-sm okers (Kall iomäki

et al. 1981, Str indsk lev et al. 1993) (Table 1). Bukowski et al.

(1991)  have conducted  a  study  aimed  at est ab lish ing furt h er

var iables which  m ight  confound urinary  chromium levels. T hey

observed  that lack of  exerc ise , dr ink ing beer  and diabe tes al l

lead  to  sl ight ly  elevated urinary  chrom ium levels.  E ry th rocy te

c h rom iu m levels  were no t aff ected by either  of these factor s.

Chromium(VI) effect monitoring: human

cytogenetic surveillance studies using

blood lymphocytes
The  majo ri ty of  cy togen etic surveillance studies analysing

c h rom osome aberrat ions and SCEs in  lym phocytes of

c h romium(VI) exposed  worker s carr ied ou t  in the 1980s and

1990s provide deta iled  inform ation o n m easures of extern al  an d

int ernal  exposure to  chrom ium. I t is therefo re  possib le to

evaluate  the relative sensit ivity  of marker s of early  biolog ical

effects and of  marker s of  intern al  exp osu re.  Chromium (VI) effect

monitoring has focused on chromium pla ters, ferro ch ro m iu m

steel  product ion w orkers and stainless  s teel  welders.

Studies among chromium platers and ferrochromium

steel production workers
Ch rom ium platers  are exposed  to  mist s of  chrom ium (VI)

tr ioxide which  are  generated  dur ing  elect ro lysi s in  plat ing baths

conta ining chrom ium  tr ioxide, sulphuric  ac id and various

o rganic addit ives. The m ists are form ed when bubbles of  oxygen

an d  h yd rogen arise from the  elec trodes  and burst  at  the l iqu id

s u rface of the  platin g bath . T he use of surfac tan ts or floating

bal ls,  combined with  local  exhausts, can sub stan tia lly  lower

ex po sure to chrom ium (VI) tr ioxide. One step  in the prod u ctio n

of ferro ch rom ium stee l involves the elect ro therm al  reduct ion of

c h romite  ore  with  coke  in  furnaces . Workers near  these furn a ce s

a re  exposed  to  fumes conta in ing  chrom ium(VI)  tr ioxi de.

A  comp ilat ion of  cy togenetic  studies am ong chro m i u m

platers and ferro c h ro m ium  wo rk ers  i s sh ow n in Table 2 . In

m ost  of  these  s tudies ur inary  ch ro m iu m  w as ch osen  a s th e

marker of  in terna l  ex po su re. In order  to  enable co mp ariso ns to

be m ade between studies,  the levels  of  u rinary  ch ro m iu m  w e re

e x p ressed in  re lat ion to  ur inary  creat i nin e;  wh ere  n ecessary,

con ve rsio ns w ere  m ade assum ing 1 .5  mg cre at i n ine l±1.

A n int eresting trend  in  Table 2  is the  absence of  marked

di fferen ces in  the num bers of  ch ro mo som e aberratio ns or  SCEs

betw een ex posed and contro l. T he  m ajo rity  of  the studies fai led

to  demonstrate any  stat isti cal ly  signif icant increases.  T he

elevat ed SCE freq u encies seen by Sarto et al. (1982)  among hard

platers  re m ain ed  a pp arent  only in  younger wo rkers,  when the

dat a  w ere ana lysed by age.  There  w as a  correlat io n b etw een

SCE freq uency and bo th age and ur inary  ch rom ium  levels , with

A. Kortenkamp74

Mean Cr(VI) Mean urinary

in air (m g m± 3) Group Cr (m g g± 1 creatinine) Reference

13.8 SS, smokers 14.2 Strindsklev et al. 1993

13.5 SS, non-smokers 5.3

na SS, smokers 16 Kallionmäki et al. 1981

na SS, non-smokers 8.7

1± 55 Cr(VI) production 6 Gao et al. 1994

0 Non-exposed 0.76

0 Diabetics 1.38 Bukowski et al. 1991

Referents 0.58

0 Beer drinkers 0.67

Referents 0.49

Table 1. Urinary chromium levels among occupationally exposed and non-

exposed individuals.

Key: na, not analysed; SS, stainless steel welders (MMA).
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higher  frequ encies occurr ing in  young w orkers  with  high

int ernal  ex posu re  to  chrom ium . T he signif ican t  increase  in  the

nu mber of  chrom osom e aberr ation s in  h ard  plater s w as  only

poorly correlated w ith u rinary  chromium  levels.  Choi et  al.

(1987)  found elevat ed SCE  frequencies  in  their  groups of  pla ter s

a n d  ch ro m ium  su rface treatm ent w orkers ,  however  the num ber

of SCEs in their group of  exposed workers was freq ue nt ly

o bserv ed in  u nexp osed contro ls of  many  other  cytogenet ic

s u rveillance s tu dies.  Ashby and Richardso n (1985)  re p o rte d th e

m ean  value of  SCE s in  con tro l  populat ions of  47  cytogenetic

studies as 8 .12‰1.82 per cel l, well above the level of  6.9‰1.8

o bserved  among platers  or  3 .6‰1.5 am ong contro ls in Choi’ s

s t u d y. E xposure  to  chrom ium  w as read ily  detec ted as elevated

u r ina ry  c hromium levels in  al l of  the studies.

Studies of stainless steel welders (manual metal arc

method)
O f the three m ethods of  sta inless s teel  weldin g,  m an ual  m etal

a rc (MMA), meta l ine rt gas  (MIG) and tungsten inert gas (TIG),

t he MM A  m eth od  p rodu ces welding  fum es con taining the

l argest  am ounts of  chromium (VI).  The tota l fume

co ncentr at ion in  th e breathing zone of  MM A welders m ay be

as high as 100 m g m±3,  with  the level  of  chromium(VI)  reac hing

4  m g m±3 in  ex trem e cases  (Kall iom äki  et  al . 1981).

T h e resu lts  of  the cytogenetic  studies am ong M MA w elders

(Table 3) confirm  some of the tren ds w h ich  be ca m e ap p are nt  i n

the p la t ing studies.  A gain,  urinary  c hro m iu m  p roved to  be a

rel iab le m arker of  in tern al  ex po su re  even at  re lat ively low

levels of  ai rborn e  ch romium(VI). However, the freq uency of

S CE s in  w elders  was surpr isingly insen si t ive to  ch rom ium(VI)

e x p o su re  at these  levels . A n in crease in  the num ber  of  S CEs

w as not  ob served in  any o f  the s tudies excep t  that of  Koshi  e t

al . (1984). T he  elevated  frequency  of SCEs re p o rted  by  this

group becam e detectab le  only after  the outco me of thre e

sep arat e  su rv eys had been poo led.  In  contrast ,  a ll  the re p o rt s

published af ter  1990 showed a tendency for  SCE s to  be sl ightly

lo wer  in  MM A stain less s teel  weld ers  th an in  un expo sed

co n t rol s.  T his effec t  seem s to  be obscured by sm oking (see  the

data  by Husgaf vel -P urisa inen et  al . 1982), but  is quite

p ro m inent  am o ng n on- sm ok ers (P op p et  al . 19 91, Kn udsen  e t

al . 1992, Jelmert  et  al. 19 94),  and in  the study  by P opp et al.

(1991),  even among sm okers.

A  slight ly  differen t  p icture  em erges w hen  c hro m o so m e

ab errat ion s are  co nsidered.  While  Husgafvel-P urisa in en  et al.

(1982) and  Littor in  et al. (1983) fai led  to observ e an y

signif ican t changes in  the num ber  of  aberrat ions, e lev ated

freq ue nc ies w ere  seen  by K oshi  et al. (1984), K nudsen  et al.

(1992) and Je lmert  et al. (1994). Consider ing that sm al l

d ifferences in  eff ec t req u ire  larger  sam ple sizes to  dem onst r ate

stat ist ical  signif icance,  the failure by Husgafvel-Purisainen e t

al . (1982) and  Littorin  et al. (1983)  to detect  aberrat io ns is

l ikely to  be due to  the re l at ively sm all  stu dy popu lat ion s.

I t is alarm ing  that  Koshi et al. (1984) and Knudsen  et al .

(199 2) observ ed  a stat isti call y signif ican t inc rease of  rare

aberrat ions such as dicentr ic  chrom osomes, t ransloca tions,

minutes and r ings am ong  MMA  w elders . Knudsen et al. (1992)

re po rted that these  effects were only  detec ted among non-

sm okers. In  discuss ing this phenomenon, Knudsen et al. (1992)

emphasized that  these  are  severe gen etic eff ec ts  w hich  requ ire

two independent  damaging even ts to be expresse d. A sim ilar

t rend  can be seen  in  the data for  non-smoking MMA welders

p resen ted by Je lmert  et al. (1994) . The effects observ ed in  the

last  two studies would have rem ained  und etected had  the s tud y

populat ions no t  been  strati f ied accord ing to smoking status.

T he resul ts of  these  investigations clear ly  force th e

con clu si on  th at  there  is evidence for  geno toxic  effects  am ong

stainless  steel  welders  usin g the MMA  m etho d. I t  is however

im p o rtant  to  ev aluate these  data  in  the context  of  other

cytogenetic  surveil lan ce  s tud ies. T he frequ encies of

ab errat io ns detected am ong  w eld ers  are  sim ilar  to  th ose

ob serve d in  u ne xp ose d con tro ls o f  m any  stu dies,  w hich is

about 1 .42‰0.96%  of aberrant  cel ls (excluding gaps)  (A shby

an d Ric hardson 1985).  In  view of the s trong genotoxic ity  of

c h rom ium(V I) compounds (IARC 1990) it  is  surprising that  the

Chromium biomonitoring 75

Chromosome

aberrations

Level and Internal

duration Ab+ exposure

Study of gaps SCE/ (urinary Cr, Author’s

population exposure Group N (%) cell m g g± 1 crea) conclusion Reference

Platers na, 6 years Exp 21 2.8 8.08 7± 11 Positive Sarto et al. 1982

EC 35 1.7 6.6 2

Platers na, Exp 24 na 9 8.7 Negative Nagaya 1986

0.5± 30 years MC 24 na 8.9

Platers 27 m g m± 3 Exp I 7 na 6.9 16 Positive Choi et al. 1987

8 m g m± 3 Exp II 25 na 5.4 10.1

0 MC 15 na 3.6 na

Ferrochromium na Exp 14 4.29 na na Negative Sbrana et al. 1990

workers MC 14 2.81

Platers na Exp 12 4.29 7.8 17.9 Negative Nagaya et al. 1991

Table 2. Cytogenetic surveillance studies among chromium platers and ferrochromium workers.

Key: N, number of subjects; Ab, aberrations; na, not analysed; crea, creatinine; Exp, exposed; EC, external controls; MC, matched controls.
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eff ec t  marker s in  cy togenet ic surveil lance stud ies re s p o n d e d

so weak ly.  Th is  could  be d ue to  low  levels of  exposure  w ith

genotox ic eff ec ts too sm al l  to  be detectable am ong study

po pulat ions o f  up  to  6 0 exp osed  indiv iduals . Altern ativ ely,  are

b loo d  ly m p ho cytes i nap prop riate as  a  su rrogate  ti ssue for  the

monitoring of  gene tic  effect s of  chrom ium(VI ) in  h umans?

Monitoring the biologically effective dose
of chromium: DNA damage in blood
lymphocytes
T h e f ew  stu di es u nd ertaken so f ar  to  monitor  DN A dam age in

the b lood lym ph ocytes o f  chrom ium (VI) exposed workers  do

p rovide an answ er  as  to  wh y cytogenetic  m arkers  res p o nd  s o

w eak ly to  chrom ium (VI)  exposure (Table 4) .

A s p art  of  the cytogenet ic surv eil lan ce st ud y di sc ussed

earl ier,  P op p et  al . (1991) have analysed the DNA fro m  b lo o d

lym phocytes  of  s tainless  steel w eld ers  using f i l te r  e lut ion

techn iques. T he sam ples fro m  w elde rs  sho w ed re d u c e d

elu tion  rat es wh ich t he au thor s  int erpre ted as  being in dicat ive

of DNA±protein cross- links (DPC).  Z hi tkov ich et al. (1996)

hav e em plo yed a  po tass ium ±SD S  precipi t a t io n a ssay  w hich

p ro vides m ore  d irec t ev idence for  the ex istence of  DPC. In a

study of  Bulgarian chro mium  plater s they f ai led to  observ e

signif ican t  differences  in  the DP C levels  of  blood lym phocyte

DNA re la t ive to  contro ls not  engaged  in  plating.  Neverth ele ss ,

the levels of  chrom iu m  in  e ry th rocytes and urine of  the platers

confirm e d th at  ex p osu re  to  chrom ium(VI) had occurre d .

Gao et al. (1994) have asse ssed oxidative DNA damage by

m onitoring the num ber of  single  s trand break s an d m odi fie d

DNA bases (8-hydroxydeox yguanosine)  in  lym phocyte D NA

fro m  c h rom ium (VI)  prod uction  w ork ers .  T here  w as n o

evidence for  increased  levels  of  oxidat ive  DNA damage,

al though th e work er s’  ex posure  to  chrom ium  co uld be ver if ied

using m ark ers  of  intern al  e xp o sure .

T he studi es by  Gao  et al. (1994)  and Zhitko vitch  et al.

(1996)  are  parti cu lar ly  inst ruct ive becau se determ inations of the

c h romium levels in  blood  lymphocytes were  un dert aken

simultaneous ly  with the measurem ent of DNA dam age. The

strik ing observ atio n in bo th cases is tha t the differen ces in

lymphocyte  chromium levels be tween  exposed  and contro l s

w e re not  very  pronounced,  when  at  the sam e t im e al l the 

other  m easures of  intern al  exposure were markedly eleva ted  

in  re lati on  to  con tro ls. The  absen ce of  any pro n o u nc ed
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Chromosome aberrations

Level and Internal exposure

Study duration of Ab + gaps SCE/ (urinary Cr, Author’s

population exposure Group N (%) cell m g g± 1 crea) conclusion Reference

SS, MMA 55 m g m± 3, Exp 24 4.1 11 20.8 Negative Littorin et al. 1983

19 years EC 24 4.6 12 0.66

SS, MMA na Exp, s 9 3.1 10.8 6.7± 51 Negative Husgafvel-Purisainen et al. 1982

MC, s 10 1.9 10.5 na

Exp, ns 12 1.7 8.2 6.7± 51

Mc, ns 9 2.4 8.9 na

SS, MMA na Exp 97 4.7 8.8 6.5 Positive Koshi et al. 1984

and MIG na IC 33 3.2 8.11 2.73

Ab excluding 

Group N gaps (%)

SS, MMA na, 8 years Exp, s 17 na 6.61 18.9 Negative Popp et al. 1991

and MIG IC, s 7 na 7.34 na

Exp, ns 22 na 5.93 18.9

IC, ns 11 na 6.57 na

SS, MMA 4.9±11.8 Exp, s 32 2.25 7.7 2.08 Positive for Ab in ns, Knudsen et al. 1992

and TIG m g m± 3 MC, s 50 1.85 8.1 0.35 negative for SCE

Exp, ns 28 2.38 6.7 2.08

MC, ns 25 1.10 7.4 0.35

Chromatid 

Group N break (%)

SS, MMA 34.7 m g m± 3, Exp, s 22 1.4 6.4 11.1 Positive for Jelmert et al. 1994

range 0.6± MC, s 20 1.1 6.6 na chromatid breaks

252 m g m± 3, EC, s 46 0.9 6.9 na in ns,

0± 20 years Exp, ns 20 1.5 5.8 11.1 negative for SCE

MC, ns 20 0.7 5.5 na

EC, ns 48 0.7 5.7 na

Table 3. Cytogenetic surveillance studies among stainless steel welders using the manual metal arc method.

Key: N, number of subjects: Ab, aberrations; SS, stainless steel welders; MMA, manual metal arc method: MIG, metal inert gas method; na, not analysed; sd, standard

deviation; crea, creatinine; Exp, exposed; IC, internal controls; MC, matched controls; s, smokers; ns, non smokers. Statistically significant differences are in bold.
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differences in  the lymphocyte  chromium levels of  exp osed 

and contro ls, whatev er  the reaso n,  could well  be the fac tor  which

ser iously  lim its the valu e of cytog eneti c surv eil lance studies .

T hus,  lymphocytes may not be an  appropr iate surrogat e t issu e

for the eff ect monitor ing of chromium -exposed ind ividuals.

Chromium levels in the lungs of
chromium-exposed workers and of
control populations
A nother  im peding factor  in  s tudies usin g blo od lym ph ocytes is

the tox ico kinetics  of  in haled  chrom ium(VI) . P ost-m ort e m

analy ses of  lung t issue obtained fro m  c h ro m iu m  w ork er s  wh o

died of  lu ng cancer hav e es tablish ed  that  chromium(VI)

co ntainin g part ic les,  once inhaled,  s tay in  the lung  for  d ecades

(H yodo et  al . 1980 , Tsu ne t a  et al. 1980) . Even long  afte r

cessat ion of  exposure  most of  the chrom ium  is  f o un d in  th e

respir atory  tact  wh ilst  o nly sm al l  amo unts  reach l iv er  and

k idneys via  th e blood st re a m .

F ro m analyses of  the organs of  lung cancer  pat ients  with a

h isto ry  of  em ploym ent in  chrom ium(VI) production (Kishi  e t

al . 1987),  the am ount of  chro m iu m  resid ing in  the lun gs can  be

estim ated as 30 ±70 m g, whereas th e am oun ts fou nd in  l iv ers

a nd  kid ne ys w ere  3.8 mg and 0.8 mg, respec tively. In

com par ison,  th e lungs,  l ivers  and kidneys of  deceased w ith 

n o occ up atio nal  ch ro m iu m  ex p o su re contained 0.08±1.2  m g,

or 0.3 mg and 0.07  mg, respecti vely.  T he lun g chrom iu m  l eve ls

re p o rted by Rai thel  et al. (1993) for  s ta in less steel welders

w e re  lo wer  than  tho se  fou nd in  ch rom ium (VI)  pro d u c t io n

workers (Table  5) . E ven  so , the lungs of  sta inless stee l  welders

sho wed  con centr at ion s of  chro mium  10 ±30  t im es h igher  th an

in u ne xp o sed  i n dividu al s .

T h ere is quite a large database  do cum enting chrom iu m level s

in  the lung s of  occupationally  unexposed referen ts (Table 5).

Kollmeier  et al. (1990 ) observ ed an age-dependent increase i n

lun g chrom iu m levels  and fou nd that  m en on average show ed

levels twice  as high as wom en. T hese  authors were even ab le to

dem onstrate  differe nces du e to  environmenta l factors:  the lung

c h romium  contents of  people l iving in  a  heavily  indust r ia lized

conurba tion ( the Ruhr area)  were  signif icantly  higher than

those  in  individuals  l iv ing in  a  c ity  where  occupations are

m ainly associated w ith tr ade and adm inist rat ive serv ices

(Münster ) . Such diffe rences are not  detectable  using any of  the

c u rrently  em ployed markers  for  in ternal doses of  chro m iu m .

T h e qu est io n ar ises as  to  ho w and where  ly m ph oc ytes can

com e in to co ntact  with  chrom ium(VI ) when the bulk of

in h a le d  c h ro m iu m  rem ains in  the lung for  very  long per iods of

t ime. Two separate  pathways can be envisaged: ( 1)

lym phocytes,  while  travell ing via  the blood,  take up

c h romium (VI) from  the plasm a that  h as leached  fro m  th e

lungs;  (2)  ly mpho cy tes hom ing to  the support ing t issues of  the

lung s com e into  contact  with  chrom iu m -con tainin g m ater ial

and then m igrate  back to  the blood strea m .

Lymphocytes and chromium uptake
Lym pho cytes co ntin uo usly  en ter  an d leav e ly m ph oid  an d no n-

lymp hoid t issues via the blood.  A t any given  tim e, abou t 2%  of

the total  lym phocyte p ool  in  the h uman body is  in  th e blood.  I t

is es t im ated  that  the residence t ime of  lym phocy tes i n  the

blood is only about 30 min (Westerm ann and P abst  1 990),  so

that  du rin g 1  day  ap proxim ately 500  ́ 1 09 l ym ph ocytes t ravel

t h rough  the bloo d, a  num ber w hich is  equivalent  to  th e total

ly m p ho cyte po pu la t io n in  the  h um an b od y.  How ever,  no t
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DNA damage

Level and

Study duration of Type of Level of Author’s

population exposure Group N damage damage Internal exposure conclusion Reference

SS, MMA na, 8 years Exp 39 DPC 0.78* U 18.9 m g g± 1 crea Positive Popp et al. 1991

and MIG IC 18 DPC 0.89* na

Chromium 1± 55 Exp 10 SSB 59% breaks U 5.97 m g g± 1 crea Negative Gao et al. 1994

(VI) m g m± 3 8-OHdG 0.037 P 2.8 m g l± 1

production 15 years 8-OHdG/dG WB 5.5 m g l± 1

workers L 1.01 m g/1010 cells

IC 10 SSB 50% breaks U 0.76 m g g± 1 crea

8-OHdG 0.041 P 0.65 m g l± 1

8-OHdG/dG WB 0.73 m g l± 1

L 0.76 m g/1010 cells

Platers 0.5± 130 Exp 14 DPC 1.53± U 9 m g g± 1 crea Negative Zhitkovich et al. 1996

m g m± 3 (%) 0.33 Ery 22.8 m g l± 1

L 1.16 m g/1010 cells

8-OHdG 1.45± U 1.0 m g g± 1 crea

0.43 Ery 2.5 m g l± 1

L 0.64 m g/1010 cells

Table 4. DNA damage in blood lymphocytes of chromium-exposed workers.

Key: N, number of subjects; na, not analysed; Exp, exposed; IC, internal controls; EC, external controls; DPC, DNA± protein cross-links, U, urinary Cr; P, plasma Cr;

WB, Cr in whole blood; Ery, Cr in erythrocytes; L, Cr in lymphocytes; crea, creatinine; SSB, DNA single strand breaks; 8-OHdG, 8-Hydroxydeoxyguanosine, dG,

deoxyguanosine; * flow rates of DNA through membrane filters, low flow rate indicative of DPC.
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ev ery  single  lym pho cy te en ter s and leaves the bloo d dur in g 1

day ; th e pictu re is furth er  co mplicated  by the fact th at  there  are

su bset s  w h ich  reside in  certa in  t issues for  long tim es w ithout

m igrat ing through the  blood. I t  is there fore  u nlikely  that  the

lym p hocytes i n  th e blo od are  re p resentat ive of  the other

ly m pho cytes dis tr i but ed i n  t he b od y.

Lym ph ocy tes are  p roduced in  a variety  of  org ans an d are

constan tly  being re leased to  the blood.  T hey  can m igrate

t h rough m ost  of  the organs of  the body and have the ab il i ty  to

re tu rn  to  the blood . O ne established p athw ay of  re circ u la t i on

fro m  o rgans to  the blo od is  via  the lym ph  nod es  and  the

thorac ic  du ct ,  accounting for  ap proximately 5±10%  of the

ly m p ho cy te p op ulat i on  w h ich  re tu rns to  th e bloo d each day.

T he sp leen is b y far  the m ost  im portan t  org an in  lym p ho cyte

reci rculat ion,  with 50%  of  al l  the rec ircu lat ed ly m p ho cy tes

being rel eased  by th e sp leen.  In  com pariso n,  the daily

reci rculat ion of  lym phocytes  from  the lungs back to  the blood

is neg lig ib le  (West erman n and Pabst  199 0).

T hus,  on ly a  very  sm al l  fraction of  the lym phocytes re sid in g

in the blo od wil l  h ave had  the ch an ce to  tak e up chromium(VI)

wh ile tr avell in g through the lungs.  The vas t m ajori ty  of

lym p hocytes w il l  h ave com e in to co ntact  w ith ch romium(VI)

dur ing their  migrat ion through th e blood . T hese  features are

im p o rtant  w he n con sider in g w heth er  ch ro m iu m - in d u c e d

genotox ic eff ec ts occurr ing  in  lym ph ocytes are  in  an y way

p red ict ive of  the pro cesses leadin g to  m utat io ns and

eventu ally  cancer in  the re sp iratory  trac t . Given tha t  the si te  of

c h ro mium (VI) uptake is outside th e respi rato ry  tract  it  is ha rd

to see how genotoxic effects in  lym phocytes can be pre dic t iv e

of sim ilar  even ts in  lung ce l ls . F urt h e rm o re ,  the toxicokinet ics

of  in haled  chromium(VI) determine that  cells  of  the

resp ir atory  trac t are  l ikely to  b e expo sed to  m uch higher

am ou nts  o f  chrom ium (VI ) than  lym phocytes. Th e chances  that

c an ce r- in i t ia ting events  occur in  these  ce l ls are  orders of

m ag ni tud e hig her.  The absence of  any genotoxic  eff ects in

blood lym ph ocytes o f  expo sed  ind ividu als canno t th erefore  be

taken  as an indica t ion of  absence  of  lung cancer r isks.

T h e sh o rt blood tr ansi t  t im e of  lym phocytes  is  likely  to  be

another complicating fac tor  in  the uptake of  chromium(VI) by

lym p hocy tes and m ight  help expl ain th e sm all  di ffe re n ce s in

th e lym p ho cy te chro m ium  lev els  o f  exp osed and  u nex po sed

ind ividuals  in  the s tudies by Gao et al. (1994) and Z hitkovich

et al. (1996 ).

Conclusions and perspectives
C h rom ium  levels  in  bo dy f luids,  such as urin e and bloo d

pla sm a, are  well  accepted as m arkers  of  expo sure  to  

c h romium in  oxidat ion states (VI)  and (III)  and pro vide a

m e as u re  of  the internalized dose of  chrom ium . H ow ev er,  on

the bas is of  u rinary  or  plasm a chrom iu m alone i t  is  no t

possible  to  ascertain  th at  e xpo sure  to  chrom ium (VI) has

o cc u rred.  Here ,  the m easurem ent of  chro m ium  lev els  in

e ry th ro cytes provides a  valuable  adjunct  since  i t is spec if ic for

e x p o su re  to  chromium(VI),  a lbe it  at  the expense  of  a  lower

sensi t ivi t y.

T he rel at ive lack of  success of  cy togenet ic  surve il lan ce

stu dies usin g blo od ly m phocytesÐ all  the mo re  surp ris ing  in

view of the st rong genotoxici ty  of  chromium(VI)Ð can be

exp lain ed in  term s of  the d isp ro p o rt ionately small  differe n c e s

in  l ym p ho cyte chro m iu m  le vel s be tw een ex po se d and

co n t ro ls.  F urt h e rm o re,  the toxico kin et ics of  in haled

c h rom ium(VI) and the dynamics of  lym phocyte traff ic  suggest

th at  the processes giv ing  r ise  to  geno tox ic  eff ects in

lym phocytes an d to  cancers  of  th e resp iratory  tract  are

u n re lated.  Taken together,  these considerat io ns wou ld suggest

that  bloo d lym p hocytes  are  i na p p ropria te for  the monitoring of

the biologica lly  effect ive dose, and of  ea rly  biolog ical  eff ects

ar ising fro m  ex po su re  to  chromium(VI) at levels be low 50 m g

m ±3,  the curren t  ex p osu re  l im it  in  m an y indu st r ia l i zed

countr ies.  A t higher  exposure  levels  ho wever, eff ec t

m onitorin g using lym ph ocytes m ay w ell  be useful .

T h is r ath er  sobering  conclusion pro vok es the q uest ion

w h eth e r t he re  are al terna tiv e ap p ro aches to  chro m i u m

bio m on itor ing  w hich  w ou ld be m o re  m eanin gful  in  rel at io n to

lun g carc inogenesis.  As a  f irst  step in  th is direct io n i t  wo uld  be

n ece ssary  to  explore  the re l at io nsh ip be tw een ur in ary

c h ro m ium  an d the am ou nt s of  c hro m iu m  de po sit ed  in  t he

lun gs. T his  cou ld p erhaps be achieved if  there  w ere  a re cord  of

th e  c hro m ium  levels  in  the urin e of  deceased w hose lun gs

w e re  an aly sed  po st-mo rt e m for  chro m iu m . T h ere is a gre a t

need  t o  d evelop and  ev alua te  n on -in vasiv e m eth od s wh ich

wo uld al low  the m onitor ing o f  chrom ium  levels in  the lungs of

expo sed  ind ivid uals .  A possibi l i ty  w hich is currently  being

actively pur sued  in  ou r laboratory  is  the use  of  m agnetic

resonance im aging as  a m ethod for  the monitoring of

in t ern al ized doses  of  chrom ium (VI) in  lung t issue.

P erhaps the biggest challenge in  chrom iu m bio mo nito rin g is

to  bridge the gap  between  the monitoring of  intern al ize d do ses

an d effect  monitoring.  Given the prob lem s asso ciated wi th

uti l iz ing lym phocytes as a  surrogate ti ssue, effect  m onitor ing

ideal ly  w ould have to  co ncentrate  on cells  of  the airw ay s.

H ow e ve r,  this is  co mplicated by the diff icu lty  of  access to

these t issu es and by t he need  to  prop ag ate  su ch cel ls in

c u ltu re .  With the rec ent  ref inements in  the use  of  the `Com et

assay ’  it  should be possible to  asse ss DNA  dam age in  s ingle e x

vi v o isolated  ce l ls.
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Cr in lungs

Study population (m g g± 1 dry weight) Reference

Chromium(VI) production, Case 1 397 Kishi et al. 1987

Case 2 1467

SS welders 30± 86 Raithel et al. 1993

Controls 0.31 Kishi et al. 1987

1.37 Raithel et al. 1993

Referents, smokers 4.3 Pääkö et al. 1989

Referents, ex-smokers 4.8

Referents, non-smokers 1.3

Referents, industrial area 2.14 Kollmeier et al. 1990

Referents, non-industrial area 0.57

Table 5. Chromium levels in the lungs of occupationally exposed and non-

exposed individuals.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



References
ANGERER, J., AMIN, W., HEINRICH-RAMM, R., SZADOWSKI, D. AND LEHNERT, G. (1987)

Occupational chronic exposure to metals, I. Chromium exposure of
stainless steel weldersÐ biological monitoring. International Archives of
Occupational and Environmental Health, 59, 503± 512.

ARAKI, S. AND AONO, H. (1989) Effects of water restriction and water loading on
daily urinary excretion of heavy metals and organic substances in metal
workers. British Journal of Industrial Medicine, 46, 389± 392.

ASHBY, J. AND RICHARDSON, C.R. (1985) Tabulation and assessment of 113
human surveillance cytogenetic studies conducted between 1965 and
1984. Mutation Research, 154, 111± 133.

BUKOWSKI, J.A., GOLDSTEIN, M.D., KORN, L.R. AND JOHNSON, B.B. (1991) Biological
markers in chromium exposure assessment: confounding variables.
Archives of Environmental Health, 46, 230± 236.

CHOI, Y.J., KIM, Y.W. AND CHA, C.W. (1987) A study on sister chromatid
exchanges in lymphocytes in some metal plating workers. Korea University
Medical Journal, 24, 249± 257.

GAO, M., LEVY, L.S., FAUX, S.P., AW, C.T., BRAITHWAITE, R.A. AND BROWN, S.S. (1994)
The use of molecular epidemiological techniques in a pilot study on workers
exposed to chromium. Occupational and Environmental Medicine, 51,
663± 668.

GRAY, J.S. AND STERLING, K. (1950) The tagging of red cells and plasma protein,
with radioactive chromium. Journal of Clinical Investigation, 29, 1604± 1613.

GYLSETH, B., GUNDERSON, N. AND LANGARD, S. (1977) Evaluation of chromium
exposure based on a simplified method for urinary chromium determination.
Scandinavian Journal of Work and Environment Health, 3, 28± 31.

HUSGAFVEL-PURISAINEN, K., KALLIOMÄKI, P.L. AND SORSA, M. (1982) A chromosome
study among stainless steel welders. Journal of Occupational Medicine, 24,
762± 766.

HYODO, K., SUZUKI, S., FURUYA, N. AND MESHIZUKA, K. (1980) An analysis of
chromium, copper and zinc in organs of a chromate worker. International
Archives of Occupational and Environmental Health, 46, 141± 150.

IARC (1990) Monographs on the Evaluation of the Carcinogenic Risk of
Chemicals to Humans, Vol. 49, Chromium, Nickel and Welding (International
Agency for Research on Cancer, Lyon).

JELMET, é ., HANSTEEN, I.L. AND LANGÅRD, S. (1994) Chromosome damage in
lymphocytes of stainless steel welders related to past and current exposure
to manual metal arc welding fumes. Mutation Research, 320, 223± 233.

KALLIOMÄKI, P.L., RAHKONEN, E., VAARANEN, V., KALLIOMÄKI, K. AND AITTONIEMI, K.
(1981) Lung-retained contaminants, urinary chromium and nickel among
stainless steel welders. International Archives of Occupational and
Environmental Health, 49, 67± 75.

KISHI, R., TARUMI, T., UCHINO, E. AND MIYAKE, H. (1987) Chromium content of
organs of chromate workers with lung cancer. American Journal of
Industrial Medicine, 11, 67± 74.

KNUDSEN, L.E., BOISEN, T., CHRISTENSEN, J.M., JELNES, J.E., JENSEN, G.E., JENSEN,
J.C., LUNDGREN, K., LUNDSTEEN, C., PEDERSEN, B., WASSERMANN, K., WILHARDT, P.,
WULF, H.C. AND ZEBITZ, U. (1992) Biomonitoring of genotoxic exposure
among stainless steel welders. Mutation Research, 279, 129± 143.

KOLLMEIER, H., SEEMANN, J.W., ROTHE, G., MÜLLER, K.M. AND WITTIG, P. (1990) Age,
sex, and region adjusted concentrations of chromium and nickel in lung
tissue. British Journal of Industrial Medicine, 47, 682± 687.

KORTENKAMP, A., BEYERSMANN, D. AND O’BRIEN, P. (1987) Uptake of chromium(III)
complexes by erythrocytes. Toxicological and Environmental Chemistry,
14, 23± 32.

KOSHI, K., YAGAMI, T. AND NAKANISHI, Y. (1984) Cytogenetic analysis of peripheral
blood lymphocytes from stainless steel welders. Industrial Heath, 22,
305± 318.

LEWALTER, J., KORALLUS, U., HARZDORF, C. AND WEIDEMANN, H. (1985) Chromium
bond detection in isolated erythrocytes: a new principle of biological
monitoring of exposure to hexavelant chromium. International Archives of
Occupational and Environmental Health, 55, 305± 318.

LITTORIN, M., HOEGSTEDT, B., STROEMBAECK, B., KARLSSON, A., WELINDER, H.,
MITELMAN, F. AND SKERFVING, S. (1983) No cytogenetic effects in lymphocytes
of stainless steel welders. Scandinavian Journal of Work and Environmental
Health, 9, 259± 264.

MUTTI, A., CAVATORTA, A., PEDRONI, C., BORGI, A., GIAROLI, C. AND FRANCHINI, I.
(1979) The role of chromium accumulation in the relationship between
airborne and urinary chromium in welders. International Archives of
Occupational and Environmental Health, 43, 85± 91.

NAGAYA, T. (1986) No increase in sister-chromatid exchange frequency in
lymphocytes of chromium platers. Mutation Research, 170, 129± 132.

NAGAYA, T., ISHIKAWA, N., HATA, H. AND OTOBE, T. (1991) Sister-chromatid
exchanges in lymphocytes from 12 chromium platers: a 5-year follow-up
study. Toxicology Letters, 58, 329± 335.

NIOSH, NATIONAL INSTITUTE FOR OCCUPATIONAL SAFETY AND HEALTH (1977) National
Occupational Hazard Survey 1972± 1974 (Cincinnati, USA).

PÄÄKÖ, P., KOKKONEN, P., ANTITILA, S. AND KALLIOMÄKI, P.L. (1989) Cadmium and
chromium as markers of smoking in human lung tissue. Environmental
Research, 49, 197± 207.

POPP, W., VAHRENHOLZ, C., SCHMIEDING, W., KREWET, E. AND NORPOTH, K. (1991)
Investigations of the frequency of DNA strand breakage and cross-linking
and of sister chromatid exchange in the lymphocytes of electric welders
exposed to chromium- and nickel-containing fumes. International Archives
of Occupational and Environmental Health, 63, 115± 120.

RAITHELL, H.J., SCHALLER, K.H., KRAUS, T. AND LEHNERT, G. (1993) Biomonitoring
of nickel and chromium in human pulmonary tissue. International Archives
of Occupational and Environmental Health, 65, S197± S200.

SARTO, F., COMINATO, I., BIANCHI, V. AND LEVIS, A.G. (1982) Increased incidence of
chromosomal aberrations and sister chromatid exchanges in workers
exposed to chromic acid in electroplating factories. Carcinogenesis, 3,
1011± 1016.

SBRANA, I., CARETTO, S., LASCIALFARI, D., ROSSI, G., MARCHI, M. AND LOPRIENO, N.
(1990) Chromosomal monitoring of chromium-exposed workers. Mutation
Research, 242, 305± 312.

STRINDSKLEV, I.C., HEMMINGSEN, B., KARLSEN, J.T., SCHALLER, K.H., RAITHEL, H.J.
AND LANGARD, S. (1993) Biologic monitoring of chromium and nickel among
stainless steel welders using the manual metal arc method. International
Archives of Occupational and Environmental Health, 65, 209± 219.

TOLA, S., KILPIÖ, J., VIRTAMO, M. AND HAAPA, K. (1977) Urinary chromium as an
indicator of the exposure to welders on chromium. Scandinavian Journal of
Work Environment and Health, 3, 192± 202.

TSUNETA, Y., OHSAKI, Y., KIMURA, K., MIKAMI, H., ABE, S. AND MURAO, M. (1980)
Chromium content of lungs of chromate workers with lung cancer. Thorax,
35, 204± 297.

WESTERMANN, J. AND PABST, R. (1990) Lymphocyte subsets in the blood: a
diagnostic window on the lymphoid system? Immunology Today, 11,
406± 410.

WOGAN, G. (1992) Molecular epidemiology in cancer risk assessment and
prevention: Recent progress and avenues for future research.
Environmental Health Perspectives, 98, 167± 178.

ZHITKOVICH, A., LUKANOVA, A., POPOV, T., TAIOLI, E., COHEN, H., COSTA, M. AND TONIOLO,
P. (1996) DNA± protein crosslinks in peripheral lymphocytes of individuals
exposed to hexavelant chromium compounds. Biomarkers, 1, 86± 93.

R ec e ived  2 6  S ep tem b er  1 9 9 6 ,  a ccep ted  2 1  N o ve m b e r  1 9 9 6

Chromium biomonitoring 79

I  am pleased to be able to rep ort to readers and  authors that just before Christmas 1996, Taylor & Francis received

no tif ication  that B ioma rk ers will  now be l is ted  in Curren t  Contents. T his is a  signi ficant achievement fo r a  new

journal to be listed so soon  af ter launch. I t will of  course mean that it  becomes a more w idely  known and  re a d

journal , w i th  consequen t  increased  exposure for  papers. Thanks to the E ditorial Board  and  au thor s and  rev iewers

who have he lped  to  make this  happen .
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